Relative Evaluation of Left Heart Bypass,
Whether Pulsatile or Pulseless, with

Counterpulsation as Technique for

Myocardial Augmentation

By ALan L. GoLpENBERG, M.D., Louis Brown, M.D., anp

Crarence Dennts, M.D., Pa.D.

ECHANICAL SUPPORT for clinical
heart failure without thoracotomy was
first reported in 1955' and was first reported
with long-term success in 1957.2 Several re-
cent comparative studies summarize work on
mechanical cardiac assistance.?-® Reports in-
clude several methods to reduce cardiac work:
1. Veno-arterial pumping with or without
oxygenation.® % 9 10

2. Left heart bypass with or without tho-
racotomy.11-14

3. Arterial counterpulsation, also termed
postsystolic augmentation, and dijastolic aug-
mentation,15-25

4. External counterpulsation.?6-28

We have elected to avoid the complications
associated with prolonged use of an oxygena-
tor!- 2.5 2% and with thoracotomy or laparot-
omy.

We have compared the effect of left heart
bypass (both pulseless and with synchronized
pulsation) with that of arterial counterpul-
sation in terms of left ventricular work as
measured by left ventricular pressure-time
product and in the self same preparation.

Methods

After a series of exploratory experiments in
which techniques were perfected, 11 mongrel
dogs (19 to 27 kg) were anesthetized with
intravenously administered pentobarbital (30
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mg/kg), supplemented as needed. Spontaneous
respiration through an endotracheal tube was
permitted. Electrocardiographic leads were fed
simultaneously into both a Cordis Cardiac Pro-
grammer and a Sanborn polychannel recorder.
Clean nonsterile technique was employed.

Aortic pressure was recorded via a catheter
placed in the aortic arch from the right carotid
artery. Left ventricular pressure was monitored
via a catheter placed into the left ventricle
by way of the left carotid artery. On the same
record, time of onset and duration of imposed
pulsatile component in relation to the QRS
complex were recorded, either electrically from
the programmer or pneumatically from the pul-
sating chamber around the external ventricle (see
below).

The technique of left heart bypass differs from
that previously described.3® Here, the human
6-mm Senning cannula* is passed down the right
external jugular vein of the recumbent dog,
the limbus of the fossa ovalis is “palpated”
with the tip at the level of the midportion of the
sternum, and puncture is made dorso-laterally
without use of fluoroscopic control or the cutting
tip.

Blood flows through the bypass circuit via the
left atrial cannula, a heat exchanger (temperature
monitored from the rectum), a Senning flowmeter,
a siphon chamber (which protects the left atrium
from the pulsation of the roller pump), a roll-
er pump, the pulsating chamber, and bilateral
femoral arterial cannulae (fig. 1). Closed side
connections (not shown) permit addition or re-
moval of blood without risk of air embolism.

In the pulsating chamber blood flows through
a valveless 110-ml chamber made of a segment
of 1.125-mm thick polyvinyl tubing (fig. 2).
This lies in a rigid, air-over-saline compression

*Manufactured by Stille-Werner, Stockholm; avail-
able in U.S.A. from Ohio Chemical Company, Madi-
son, Wisconsin.
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casing, and the chamber accomplishes ejection
of blood by overlying air pressure at 600 mm Hg
triggered by the cardiac programmer through a
% inch solenoid valve.

The pulsating chamber is immediately adja-
cent to the femoral artery cannulae. This mini-
mized the inertial effect of the contained blood
but requires that the saline level in the rigid
casing surrounding it be 10 cm above the level
of the left atrium.

Optimal delay (av. 0.1 sec), duration (av.
0.13 sec), and air pressure (600 mm Hg) were
determined by preliminary studies in other dogs
to reduce maximally the end-diastolic aortic pres-
sure and left ventricular pressure-time product
per minute (PTP), a variant of Sarnoff’s tension-
time index (TTI).3! These adjustments were
reconfirmed in each of the experiments here re-
ported.

Ejection of blood from the pulsating chamber
occurs only into the dog, for backflow is pre-
vented either by the roller pump while on bypass
or by a clamp adjacent to the pulsating chamber
when it is used for counterpulsation without by-
pass. The possibility that failure of full occlusion
by the roller pump or elasticity of the connecting
tubing might permit some backflow during by-
pass has been evaluated in each experiment by
electively routing the blood from the pump to
the pulsating chamber through a one-way valve
immediately adjacent to the pulsating chamber
(fig. 1).

The indocyanine-green dilution method32 is
used for cardiac output determinations, with injec-
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Bypass circuit.
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tion into the right ventricle and withdrawal from
the aortic arch.

The previously sterilized pump circuit is prim-
ed with 500 ml of aseptically drawn, heparinized
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Pulsating chamber.
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Table 1
Pressure Time Product with and without Myocardial Assist
150 125 100 75 50
Control I Control I Control I Control 1 Control I
Control II R P CPS Control II R P CPS Control II R P CPS  Control IT R P CPS Control I R P CPS
444 336 288 248 182
447 416 331 359 312 263 317 310 226 214 274 265 191 153 224 181 47 78 162
410 409 353
420 301 334 362 390 332 248 325 269 249 308 kS
* 470 342 222 153
467 106 77 353 313 26 64 212 223 52 46 186 178 76 53 130
* 524 420 344 243
528 495 505 547 404 304 266 336 334 257 188 274 235 183 138 193
563 464 397 310 235
555 521 446 462 466 432 330 383 372 211 121 288 315 81 125 283 338 193 162 188
540 389 344 303 178+
504 502 366 429 392 321 233 313 318 233 218 243 273 296 188 226 250 130 136 252
452 387 308 232+ 250+
501 347 275 415 403 171 252 346 285 201 127 266 258 § 382 §
626 517 432 338 390 402 302 242
627 574 462 490 519 373 342 232 319 301 249 168 232 232 117 123 189
560 427 405 334 233
558 482 435 462 427 368 364 400 450 134 240 361 349 66 88 266 247 59 70 181
6181 462 354 355 191
560 547 455 423 347 243 355 112 178 82
584 565 400+ 257 173
600 564 617 624 598 517 431 504 326 308 249 304 233 209 171 197 169 145 125 163

PTP/min (mm Hq sec/min X 0.1)

Control I—preliminary control.

Control II—control following assist.
R—pulseless flow
P—pulsatile flow
CPS--counterpulsation.

left heart bypass.

* Animals blood pressure could not be maintained at this level.

+Sequence eliminated (controls not reproducible within 5% of the mean).

$Animal fibrillated.

§Malfunctioning recorder.

INo compressed air available.
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Table 2
Comparison of Aortic Tension Time Index (TTI) with Ventricular Pressure Time Products (PTP)
Ventricular PTP Aortic TTI
Mean (mm Hg sec/min (mm Hg sec/min
blood X 0.1) X 0.1)
pressure Control 1 % Change Control 1 % Change
Exp. no. (mm Hg) Control II CPS from control Control 11 CPS from control

336 228

1 125 359 317 —8.9 242 219 —6.8
470 507

3 125 467 353 —24.6 495 336 —32.9
524 348

4 125 528 547 +4.0 315 342 +3.0
464 438

5 125 466 383 —17.6 383 328 —20.0
389 413

6 125 392 313 —19.7 426 308 —26.7
387 338

7 125 403 346 —124 363 288 —17.7
517 371

8 125 519 390 —24.7 378 279 —254
427 371

9 125 427 400 —6.3 379 376 +0.3
565 455

11 125 598 504 —134 422 402 —8.2

Control I—preceding control.
Control II—control following assist.

donor blood and 300 ml of 0.9% sodium chloride
solution. The dog is heparinized with 4 mg/kg
initially and 2 mg/kg every hour for the duration
of the experiment.

At the start, partial bypass is utilized to provide
thorough mixing of host blood and prime, while
pulse, blood pressure, and electrocardiogram are
observed. All 11 subjects in this report are those
free from change at this stage. All studies re-
ported here were performed with the mean blood
pressure within 4 mm Hg of the control level,
most within 2 mm Hg, the levels being adjusted
only by addition or subtraction of blood from
the circuit.

Each experiment consisted of a series of se-
quences, each in turn consisting of left heart
bypass with pulseless flow, left heart bypass with
pulsating return, left heart bypass with pul-
sating return through the one-way valve described
above, and counterpulsation without bypass. Each
sequence was preceded and followed by obser-
vations without bypass or counterpulsation (con-
trol). Each experiment consisted of such a series
at 150 mm Hg, one at 125 mm Hg, and so
on down in steps of 25 mm Hg to a final 50 mm

Hg. Bypass was done at maximal flow rates.

The left ventricular PTP was measured with a
compensating polar planimeter from the beginning
rise to the terminal fall of left ventricular pressure,
with atmospheric pressure as the baseline. This
variant of Sarnoff’s TTI was used because of the
common disappearance of the left ventricular
component of the aortic pressure tracing when
bypass was in force.

Control values used in calculating results were
the average of the two or more controls at any
given mean pressure. When the control values
differed by more than 10% (5% from the mean)
the whole sequence was discarded. This occurred
four times in a total of 50 sequences. The data
were analyzed statistically by the difference-of-
the-means test.33

Results

Determinations during control studies re-
veal a progressive decrease in cardiac out-
put as aortic pressure is lowered (fig. 3).
This parallels the reduction in left ventricular
PTP as the mean pressure decreases. The
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Figure 4

Reduction of pressure-time product with left heart
bypass and counterpulsation.

values in figure 3 represent the comparison
of controls at lower mean pressures with
controls at 150 mm Hg.

Comparison of the values of PTP of con-
trols at progressively lower mean aortic pres-
sure levels reveals a decrease in the PTP
resulting solely from the decrease in mean
aortic pressure (fig. 3). It is for this reason
that the mean blood pressure was held within
4 mm Hg of the control by addition or re-
moval of blood.

All forms of support tested reduced the PTP
below controls at the same aortic mean pres-
sures. All such reductions were statistically
significant (P <0.01). At all aortic mean pres-
sures below 150 mm Hg, pulseless left heart
bypass reduced the PTP more than simple
counterpulsation. At mean aortic pressures
of 50 mm Hg, 75 mm Hg, and 100 mm Hg
these differences were statistically significant
(P>0.05). At 125 mm Hg, pulseless bypass
produced a decrease in PTP 8.7% (39 of 453

GOLDENBERG, BROWN, DENNIS

mm Hg sec/min) greater than that produced
by simple counterpulsation. However, this
difference was not statistically significant
(P <0.05). At all aortic mean pressures be-
low 150 mm Hg, both forms of pulsatile
left heart bypass reduced left ventricular PTP
statistically significantly more than did simple
counterpulsation (P <0.01).

Inasmuch as the data on pulsatile bypass
with a one-way valve were essentially identi-
cal to those without the valve, they are omit-
ted from this report.

The volume of blood moved with each
stroke of counterpulsation was 15 to 20 ml,
whereas the volume moved with each pul-
sation during left heart bypass was 40 to 45
ml. Flow rates with left heart bypass at 150
mm Hg mean aortic pressure ranged between
67 and 110 ml/kg/min. There was a 7 to
12% decrease in flow rate with each 25 mm
Hg decrease in mean aortic pressure.

With simple counterpulsation the decrease
in PTP below controls at the same aortic
mean pressure was between 12.8% (58 of 453
mm Hg sec/min) and 20.1% (58 of 288 mm
Hg sec/min) regardless of the mean aortic
pressures.

Although there appeared to be a tendency
for pulsatile forms of left heart bypass to de-
crease the PTP more than pulseless forms,
this could not be proved statistically. The
addition of the valve between the pulsating
chamber and the roller pump had no effect.

At lower-than-normal mean aortic pressures,
ie, below 125 mm Hg, the average reduc-
tion in PTP with the various forms of left
heart bypass ranged between 38.2% (136 of
355 mm Hg sec/min) and 50.9% (155 of
296 mm Hg sec/min) of control observations
at identical mean aortic pressures although
individual observations revealed reductions
as great as 92.2% (302 of 328 mm Hg sec/
min) (table 1).

The results of individual experiments are
tabulated in table 1, and the averages are
shown graphically in figure 4. Representative
tracings are shown in figures 5, 6, and 7.
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Figure 5

Representative tracings at 150 mm Hg mean aortic pressure.
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Figure 6

Representative tracings at 100 mm Hg mean aortic pressure.
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Figure 7

Representative tracings at 50 mm Hg mean aortic pressure.

Although aortic TTI ceases to have mean-
ing on near total left heart bypass, TTI de-
terminations were made on the counterpul-
sation experiments at 125 mm Hg mean
pressure for comparison with simultaneous
measurements of left ventricular PTP. The
findings are shown in table 2. The cor-
relation is consistent.

Discussion

Our results are based on a modification of
the tension-time index as described by Sar-
noff,3* who showed a relationship between
myocardial oxygen consumption and TTIL
We believe that the entire area under the
left ventricular curve reflects the pressure
generated by the left ventricle; and, hence,
the total work of this part of the heart. The
artificial movement of blood by various

pumping systems may produce changes in
the characteristics of the aortic pressure curve
that could invalidate utilization of this param-
eter in determination of left ventricular work.

To evaluate properly the effects of various
pumping systems in reducing the TTI or the
PTP and, hence, the myocardial oxygen utili-
zation and myocardial work, we have dem-
onstrated that it is essential to maintain aortic
mean pressure at constant levels during con-
trol studies and periods of circulatory assist.
This permits an- objective comparison by
separation of extraneous factors, such as the
effects of hypovolemia and the changes in
peripheral resistance produced by various sys-
tems of circulatory assist.

Other investigators'® 1920 have failed to
emphasize the need for keeping mean pressure
constant, although Baird et al.’®> and Shenk

Supplement 1 to Circulation, Vols. XXXV and XXXVI, April. 1967
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et al.?* have made some mention of the im-
portance and effect of mean pressure.

Our data reveal that left heart bypass is
most efficient at mean aortic pressures be-
tween 75 and 100 mm Hg. Our failure to pro-
duce decreases of similar magnitude in PTP
at higher mean pressures (150 and 125 mm
Hg) may reflect our inability to achieve
complete bypass at those pressures. This may
be secondary either to incomplete sumping
of the left atrium or to the Thebesian blood
flow to the left ventricle, or both. Studies
by Dennis et al.3* have shown that partial
left heart bypass produces a decrease in the
myocardial oxygen consumption without a
decrease in the PTP, and that the PTP de-
creases only as complete bypass is approached.
Failure of reduction at higher mean aortic
pressures equal to that seen during hypoten-
sion in the reported experiments does not
necessarily preclude substantial reduction in
oxygen consumption or myocardial work.?*

Several questions remain to be answered
relating to organ perfusion, coronary blood
flow, and changes in peripheral resistance.
Davidson and Leighninger®® have shown that
reduction of aortic pressure results in a de-
crease in back bleeding from the distal end
of a divided coronary artery and therefore
probably a decrease in blood flow through
collateral vessels. They suggest that high per-
fusion pressures should be maintained in
coronary arteries to ensure adequate myo-
cardial oxygenation.

Considerable interest has recently been
shown in evaluating the more physiological
pulsatile type of flow.3® Our experiments were
of a short-term nature and did not reveal
a significant difference between pulseless and
pulsatile flow; but, as seen in figure 4, pul-
satile flow showed a tendency to decrease the
PTP to a greater extent. Wesolowski®? showed
no significant physiological difference between
pulseless and pulsatile flow at rates of 130 cc/
kg/min. However, other investigators®® 38
have demonstrated more metabolic acidosis,
weight gain (edema), splanchnic pooling,
capillary stasis and opening of A-V shunts
with pulseless flows of less than 100 cc/kg/
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min. Nakayama et al.3® showed a decrease
in perfusion of the heart and kidneys during
nonpulsatile as compared with pulsatile sys-
temic flow. Dalton et al.®® have shown that
pulsatile flow has advantages over pulseless
flow with total cardiopulmonary bypass, but
they were unable to demonstrate similar
benefits with left heart bypass only. Parsons
and McMaster!! demonstrated a decrease in
lymph flow in rabbits with pulseless per-
fusion. More clarification of the role of the
pulse is required.

Our studies have shown that any form of
left heart bypass decreases the PTP more
than counterpulsation as achieved by our ap-
paratus, especially at mean pressures of 125,
100, and 75 mm Hg. With counterpulsation
the entire cardiac output must pass through
the left ventricle, whereas with left heart
bypass a significant amount of the cardiac
output is diverted from the left atrium into
the bypass circuit. Our results suggest once
again that cardiac output as such plays a
role in determination of the work of the heart
as expressed by PTP. This may be tied to dem-
onstration of the shortening of left ventricular
end-diastolic fiber length produced by par-
tial left heart bypass.*?

Our system of counterpulsation does not
have an active aspiration phase for with-
drawal of blood from the aorta. Our system
employs only a gradient from arterial pres-
sure to a level 10 cm above the left atrium.
However, our results are comparable to other
studies using an active withdrawal phase (Da-
vol pump) with cannulation of one or more
peripheral vessels.?!: 23 2¢ Qur system does not
produce the greater decreases in TTI re-
ported by laboratories that use cannulation
of the distal abdominal aorta for the assist
site.19: 20,22 That we record lesser reductions
in PTP than others have reported in aortic
TTI's suggests careful analysis of the effect
of the very pressure change imposed by the
assist methods employed. Attempts to analyze
the aortic pressure tracings in our experi-
ments to calculate TTI values while counter-
pulsation is in force are fraught with inde-
cision as to the precise point of aortic valve
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- closure. Employment of ventricular PTP ap-
pears to us to be a far more reliable index
of true effect.

There is an apparent need for a readily
applicable system of myocardial augmenta-
tion in clinical situations, We believe that
the ideal system should have certain char-
acteristics, specifically (1) the system should
utilize the patients own lungs as oxygenators
to avoid the complications inherent in the
use of artificial oxygenators and (2) the sys-
tem should impose a minimal additional tax
on the critically ill patient. This would pre-
clude utilization of a system that requires
laparotomy or thoracotomy.

Clinical application of left heart bypass
without thoracotomy under local anesthesia
has been demonstrated to be feasible.*3 Fur-
ther studies are required to evaluate pulse-
less versus pulsatile flow; the importance of
mean pressure as a reflection of peripheral
resistance, organ perfusion, and cardiac out-
put; and oxygen uptake by the left ventricle
with the reported patterns of support.

Summary and Conclusions

Determinations of left ventricular pressure-
time product (PTP) per minute during left
heart bypass compared with counterpulsation
in the same dog have shown a significantly
greater reduction of PTP with all forms of
left heart bypass.

Precise control of mean aortic pressure has
again® been proved essential to evaluation
of methods of myocardial assist.

Since some forms of assist alter the nature
of the aortic pressure tracing or even ob-
literate the left ventricular component of that
tracing (as left heart bypass) and since the
timing of the beginning and end of systole
for use of aortic pressure in calculating tension-
time index (TTI) cannot well be accom-
plished without the left ventricular pressure
tracing, direct use of the left ventricular PTP
is a more usable index of effectiveness of the
several methods of assist than TTI.

Left heart bypass is more effective in low-
ering PTP at mean pressures of 100 and 75

GOLDENBERG, BROWN, DENNIS

mm Hg than at mean pressures of 150 and
125 mm Hg. ’
Further studies are needed.
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